The human opportunistic pathogen P. aeruginosa is a gram-negative bacterium that infects injured, burned, immunodeficient, or otherwise compromised patients and causes a wide range of infections (Wood, 1976 
Results

P. aeruginosa Strain PA14 Kills C. elegans
Quickly on High Osmolarity Media The P. aeruginosa strain PA14, which was previously shown to be capable of causing disease in both plants and mice (Rahme et al., 1995) was tested for its ability to kill C. elegans. Since worms are maintained in the laboratory on plates by feeding on E. coli OP50 lawns, this nonpathogenic strain was simply replaced with PA14, and worms were assayed for their ability to survive. When wild-type C. elegans are placed onto a lawn of PA14 grown on standard NG medium used to raise C. elegans, the nematodes die over a period of 2-3 days (Tan et al., 1999 ; referred to as "slow killing"). In contrast to NG medium, when worms are placed on PA14 lawns grown on the richer, lower phosphate and higher osmolarity PGS medium, most of the worms die within 4 to 24 hr ( Figure 1A ; referred to as "fast killing"). The finding that PA14 mutants that affect fast killing have little or no effect on slow killing and vice versa (Tan et al., 1999) suggests that fast and slow killing are most likely mediated by distinct underlying mechanisms. In this paper, we focus on the use of the fast killing model to study the pathogenicity of P. aeruginosa.
One of the most critical factors that was found to below), L4 stage worms were used in most of the assays. Worms at the developmentally arrested dauer stage were resistant to fast killing. However, because PA14 Use of the C. elegans Fast Killing Model served as a signal to exit the dauer stage, worms died to Isolate PA14 Mutants shortly after reentry into normal larval development (data To identify bacterial factors that mediate fast killing, a not shown).
screen was conducted to isolate PA14 mutants that were defective in the process (see Experimental Procedures for details). By screening 3300 PA14::TnphoA inFast Killing Is Mediated by Diffusible Toxins sertion mutants, seven mutants that exhibited an attenuThe rapid kinetics of fast killing suggested that it may ated fast killing phenotype were identified. As seen in represent a process mediated by diffusible toxins rather Figures 2A and 2B , at the 24 hr time point, at most 24% than an infectious process. To differentiate between the of L4 larval worms were killed when placed on one of two possibilities, PA14 was grown under standard fast seven mutant bacterial lawns compared to 78% placed killing conditions, or on nitrocellulose filters (pore diameon wild-type PA14 lawns. The growth rates of the muter of 0.45 m) covering the entire surface of PGS plates. tants in both minimal and rich media were comparable Following growth, the filters were removed and worms to wild type with the exception of 13C9, which grew placed on the plates. As seen in Figure 1B , worms were significantly slower than PA14 (data not shown). Three effectively killed after 4 hr whether or not they were in mutants (13C9, 23A2, 36A4; Figure 2B ) had the blueactual contact with the PA14 bacteria. In contrast, no green color characteristic of PA14, while four others killing was observed with E. coli DH5␣ in this experiwere reduced in pigment production (3E8, 6A6, 8C12, ment. Additional experiments were performed exposing 1G2; Figure 2A ). An additional mutant, pho34B12, that worms to crude PA14 extracts grown under fast killing was identified in a screen for PA14 mutants attenuated conditions; however, no killing of worms was observed in virulence in the Arabidopsis leaf infiltration model (data not shown). It is likely that the extracts need to be (Rahme et al., 1997) was also found to be defective in further purified in order to concentrate the toxins that the fast killing model (data not shown) and fell into the nonpigmented category. mediate fast killing. 
Molecular Characterization of PA14 Mutants
DNA blot analysis revealed that each of the fast killing mutants contained a single TnphoA insertion (not shown). DNA flanking the TnphoA insertion in each of the mutants was amplified using inverse PCR (IPCR), sequenced, and the predicted translation products of the identified reading frames were compared to the GenBank databases as well as to a P. aeruginosa PAO1 genome database (www.pseudomonas.com) using the program BLASTX. This analysis showed that both novel and previously known genes were identified using the 1993; GenBank accession # X64197). Mutant 23A2 corresponds to a gene previously identified in P. aeruginosa strain PAO1 as mexA (Poole et al., 1993; GenBank acThe characteristic blue-green color of P. aeruginosa strains has been attributed to a group of tricyclic seccession # L11616). The product of mexA, predicted to be a cytoplasmic membrane-associated lipoprotein, likely ondary metabolites collectively known as phenazines, the most extensively characterized of which is pyocyafunctions together with the products of the other two genes contained in the same operon, mexB and oprM, nin (1-hydroxy-5-methyl phenazine; Figure 3A ; reviewed in Turner and Messenger, 1986). As seen in Figure 2C , as a nonATPase efflux pump with broad substrate specificity (Li et al., 1995). Mutant 13C9 corresponds to a all five mutants that were characterized as having a reduced pigment phenotype were also reduced in pyo-P. aeruginosa PAO1 gene called orp (osmoprotectantdependent regulator of phospholipase C; GenBank accyanin production, with levels ranging from 10% to 50% of the wild-type strain. The remaining three mutants, cession # U54794), which regulates the expression of the pathogenicity factor PlcH, one of the two isoforms 13C9, 23A2, and 36A4, had levels of pyocyanin comparable with the wild-type strain (data not shown).
of phospholipase C (Sage et al., 1997). The molecular analysis of the 3E8 and 6A6 mutants (containing insertions in an operon known to regulate insertion contained a motif characteristic of histidine sensor kinases. This gene was not present in the PAO1 phenazine production) strongly suggested that phenazines represented one class of toxin that mediates fast genome database. Although the 8C12 sequence tag identified a homologous gene in the PAO1 database, killing. To directly test this hypothesis, an additional mutation, ⌬phnAphnB, was generated. no significant motifs were found within this gene. Two mutants, 3E8 and 6A6, contained TnphoA insertions into Although little is known about the nature of the enzymes that catalyze the formation of phenazines in P. the same gene, which was homologous to the previously identified phzB gene in P. fluorescens strain 2-79 (Genaeruginosa and related Pseudomonads, the conversion of chorismate to anthranilate is thought to be a key step Bank accession # AF007801) and phzY in P. aureofaciens strain 30-84 (GenBank accession # L48616). These in the pathway ( Figure 3A ). In P. aeruginosa strain PAO1, this step is most likely catalyzed by the anthranilate two mutants contained the TnphoA insertion in exactly the same position although they were obtained from two synthase encoded by the phnA and phnB genes (Essar et al., 1990). The phnA and phnB genes were cloned different mutant libraries. phzB and phzY are present in operons known to regulate production of phenazine-1-from PA14, and a ⌬phnAphnB mutant containing a 1602 bp deletion in these genes was generated ( Figure 3B ). carboxylate (PCA) in both P. fluorescens and P. aureofaciens (Mavrodi et al., 1998). DNA flanking the TnphoA Importantly, this mutation was designed to be nonpolar on the ORF downstream of phnA and phnB that was insertion in the final nonpigmented mutant pho34B12 was previously cloned and shown to be a novel locus shown to be required for pyocyanin production in PA14 (Rahme et al.
, 1997). Measurement of pyocyanin in the (Rahme et al., 1997). Interestingly, this insertion is immediately downstream of the phenazine biosynthetic genes
⌬phnAphnB mutant showed that it generated only 10% of wild-type levels ( Figure 2C ), confirming that phnA phnA and phnB, as identified in P. aeruginosa strain PAO1 (Essar et al., 1990).
and phnB are involved in pyocyanin production in strain PA14 just as in PAO1. As seen in Figure 3C , less than To determine whether the mutant phenotypes correlated with the TnphoA insertions, two mutants, the non-5% of the worms were dead 3 hr after exposure to ⌬phnAphnB, similar to the result obtained with mutant pigmented 3E8 and the pigmented 23A2, were selected for further analysis. Using a marker exchange strategy, 3E8, which served as the control for an attenuated muwild-type sequences were used to replace the TnphoA tant in this experiment. insertions in the 3E8 and 23A2 mutants, thereby restoring the fast killing phenotype to wild type. In addition, C. elegans Mutants with Altered Responses pyocyanin levels in the restored 3E8 strain were compato Oxidative Stress Are Affected rable to the wild-type PA14 strain, suggesting that the in Fast Killing lack of pigmentation correlated with the fast killing phePyocyanin, the most extensively characterized phennotype (data not shown).
azine, has been shown to be cytotoxic to a variety of The DNA sequences corresponding to the TnphoA eukaryotic and prokaryotic cells, effects partially attribmutants were deposited in GenBank and were assigned uted to its ability to undergo redox cycling. In vitro, under the following accession numbers: AF092442 (3E8), aerobic conditions, pyocyanin results in the formation of AF092566 (23A2), AQ215168 (13C9), AQ215169 (36A4), AQ215170 (8C12), and AQ215171 (1G2).
the reactive oxygen species superoxide and hydrogen peroxide (reviewed in Sorensen and Joseph, 1993) . To test the hypothesis that pyocyanin exerts its toxic effects in vivo through the generation of reactive oxygen species, C. elegans mutants with altered responses to oxidative stress were tested for their resistance or susceptibility to fast killing. The age-1(hx546) mutant of C. elegans is extremely resistant to the reactive oxygen species generator methyl viologen (Johnson, 1990). Conversely, C. elegans mutants that are highly sensitive to oxidative stress, namely mev-1(kn1) (Ishii et al., 1990) and rad-8(mn163) (Hartman and Herman, 1982; Ishii et al., 1993), have also been identified. Both classes of mutants were tested in the fast killing assay. In the case of mev-1 and rad-8 mutants, adult worms were used in the killing assay instead of the L4 stage because, as shown in Figure  4A , the adults are more resistant to fast killing, thereby increasing the resolution of the fast killing assay. As shown in Figure 4B , both the mev-1 and rad-8 mutants were highly sensitive to fast killing. Mutant adults (mev-1 control, rad-8 control; Figure 4B ) did not die when exposed to the control DH5␣ strain grown under similar conditions, demonstrating that the increased sensitivity did not result simply from exposure of worms to the high osmolarity PGS medium. In contrast to the mev-1 and rad-8 mutants, age-1 worms were significantly more resistant to fast killing than wild type ( Figure 4C ). These results established that the resistance or susceptibility of nematodes to oxidative stress correlated with their resistance or susceptibility to fast killing, providing compelling support to the model that pyocyanin exerts its toxic effects in vivo through a mechanism involving oxidative stress.
Since exposure of diverse cell types to sublethal doses of heat shock has been shown to impart resistance against oxidative stress (Neidhardt et al., 1984; Lindquist, 1992 ; Arrigo, 1998) and exposure to oxidants induces the expression of oxygen radical detoxifying enzymes such as superoxide dismutase (reviewed in Camhi et al., 1995), nematodes were exposed to these stresses to determine their effects on fast killing. C. elegans larvae between L2 and L3 stages were placed at 30ЊC for 12 hr, or plates containing L2 and L3 larvae were spotted with 200 mM sodium hypochlorite. Worms at the L4 stage from these treatments were more resistant to fast killing than untreated worms ( Figure 4D) , and the levels of resistance were comparable to those observed with age-1 worms. sorbitol ranging from 0 to 0.15 M were added to the full thickness skin burn model. Five fast killing mutants were tested for growth in Arabidopsis leaves and also in the mouse full burn model. Mutant 13C9 was not included in this analysis because of its slower growth rate in vitro. As shown in Table 1 , the maximal level of growth in Arabidopsis leaves was significantly lower for two of the phenazine mutants, 3E8 and 8C12. In the mouse model, these two mutants caused significantly less mortality than the wild-type strain with a P Ͻ 0.05. The third phenazine mutant, 1G2, was not significantly different from the wild-type strain in either the plant or the mouse models.
C. elegans P-Glycoprotein Mutants
Both the hrpM mutant, 36A4, and the mexA mutant, 23A2, were severely debilitated in growth in Arabidopsis leaves. In the mouse model, mutant 36A4 had a dramatic effect, causing no mortality. In contrast, the mexA mutant 23A2 was only marginally affected, and further studies using a lower inoculum need to be conducted in order to verify the defect. These results demonstrate that the fast killing screen is extremely effective at identifying genes required for pathogenesis in both plants and mice and, further, provide the first in vivo demonstration that phenazines are required for pathogenesis in these two hosts. cal isolate, PA14, previously shown to also be a plant pathogen, effectively killed C. elegans. It is reasonable to conjecture that C. elegans and P. aeruginosa are likely PG medium in order to better resolve the differences between the wild-type N2 and the mutant NL130 strains.
Discussion
to be in competition in their natural environment, the soil, and hence have developed strategies to combat As shown in Figure 5A , the NL130 strain was dramatically more sensitive to fast killing when compared to wild each other. The advantage of the C. elegans-P. aeruginosa system is that the strategies employed by both type under the lower osmolarity conditions containing 0 or 0.1 M sorbitol. organisms during this antagonistic interaction can be uncovered using systematic genetic analysis. The NL130 strain was tested in combination with the different bacterial mutants defective in fast killing in
The killing process we termed fast killing was mediated by the action of diffusible toxins, since direct conorder to explore the underlying mechanism of the sensitivity ( Figure 5B) . These experiments showed that unlike tact between nematodes and live bacteria was not required for killing. Several factors influenced the efficacy wild type, NL130 mutant worms remained highly sensitive to the PA14 mutants that produced wild-type levels of fast killing, one of the most critical being high osmolarity. Since the expression of bacterial virulence factors of pyocyanin, 23A2 and 36A4. However, NL130 worms were no longer sensitive when exposed to the mutants is tightly regulated by various environmental signals (reviewed in Miller et al., 1989) , it is possible that the exreduced in phenazine production, 34B12 and 3E8. These results demonstrate that NL130 mutants are sensitive pression of the particular toxins that kill C. elegans is induced by high osmolarity. An alternate and not mututo phenazines, since removal of these toxins by mutations in bacterial genes affecting their production specifally exclusive hypothesis is that high osmolarity increases the susceptibility of nematodes to fast killing ically abolishes the sensitivity of the NL130 worms.
toxins. The two hypotheses cannot be distinguished at this stage due to the inability to obtain fast killing using PA14 Mutants Defective in Fast Killing Are Attenuated in Virulence crude bacterial extracts. It is unlikely, however, that the more efficient killing under high osmolarity conditions in Other Model Hosts To determine whether the bacterial factors that mediate resulted simply from the higher expression of one class of toxin, the phenazine pigments, since these were not fast killing are relevant to pathogenesis in other hosts, the fast killing mutants were tested for virulence in an expressed at higher levels in response to increasing osmolarity (data not shown). , 1997) . However, the dauer Instead we found that mutations in the phenazine biosynthetic genes phnAphnB, which encode the two subdevelopmental arrest of the age-1(hx546) mutant is distinguishable from the other phenotypes since it is temunits of a phenazine-specific anthranilate synthase (Essar et al., 1990), were reduced in virulence. Moreover, perature sensitive and observed only at the nonpermissive temperature of 27ЊC (Morris et al., 1996) . Because the TnphoA insertions in two mutants, 3E8 and 6A6, disrupted a gene with homology to phzB, which was dauers are resistant to a variety of environmental stresses and to fast killing, it was important to prevent previously characterized as being part of a seven-gene operon involved in the production of phenazine-1-carage-1(hx546) mutants from entering into dauer during the fast killing assays. This was ensured in two ways. boxylic acid in P. fluorescens and P. aureofaciens (Mavrodi et al., 1998) . Comparison of this operon in P. fluoFirst, worms were grown at the permissive temperature of 20ЊC, and the assays were conducted at 25ЊC. Secrescens and P. aureofaciens showed that the two were highly homologous, suggesting that pathways leading ond, worms were tested in the fast killing assay at the L4 larval stage, when they could no longer enter into to phenazine production are conserved in fluorescent Pseudomonads, including P. aeruginosa. These data dauer.
Arabidopsis leaf infiltration model as well as in a mouse
The two additional C. elegans mutants tested in the strongly implicate phenazines as toxins in the fast killing process.
fast killing assay, mev-1(kn1) (Ishii et al., 1990) and rad-8(mn163) (Hartman and Herman, 1982; Ishii et al., 1993), The role of phenazines in pathogenesis was also examined in Arabidopsis and mice. The two independent have increased sensitivity to the superoxide anion generator methyl viologen. Although the molecular identity mutants containing insertions within the phzB gene, 3E8 and 6A6, were dramatically reduced in pathogenicity in of rad-8 remains unknown, the mev-1 gene has been recently cloned and encodes a subunit of the enzyme both the Arabidopsis leaf infiltration model as well as the mouse burn model ( Table 1 ), suggesting that phenazines succinate dehydrogenase cytochrome b, which catalyzes electron transport from succinate to ubiquinone are multihost pathogenicity factors. These findings are also significant since, despite intensive in vitro analyses (Ishii et al., 1998). In addition, the activity of superoxide dismutase is about half that of wild type in mev-1(kn1) of phenazines, the physiological significance of their production and their role in P. aeruginosa infections in mutants (Ishii et al., 1990). We found a correlation between the ability of C. elemammals remains controversial (reviewed in Sorensen and Joseph, 1993), and prior to this study there has gans to withstand oxidative stress and the resistance to fast killing, since age-1(hx546) worms were resistant been no demonstration of their role in vivo. Since the different phenazine mutants had varying effects on to fast killing, whereas mev-1(kn1) and rad-8(mn163) mutants were more sensitive. Since phenazines are a pathogenicity in the different hosts, and since in vitro studies have suggested that different phenazines have central part of the fast killing process, these data are consistent with a model in which these pigments exert distinct activities, further studies need to be conducted in order to dissect the biological roles of individual phentheir toxic effects through the generation of oxidative stress in vivo. azines.
Previously it had been suggested that phenazines may contribute to the persistence of P. aeruginosa in chronic Fast Killing Is Multifactorial lung infections, since quantities of pyocyanin capable Analysis of fast killing mutants that generated wild-type of altering eukaryotic cell function could be isolated levels of pigments showed that although phenazines from the sputum of cystic fibrosis patients (Wilson et are essential mediators of fast killing, other factors are al., 1988). In this context, it is interesting to note that involved in this process. Molecular analysis of one such the high salt, hyperosmolarity conditions used in the fast mutant, 23A2, revealed that the transposon was inserted killing assay are akin to those in the lung environment of into a gene previously identified in P. aeruginosa strain cystic fibrosis patients. Thus, it will be informative to test PAO1 as mexA, which is part of the three-gene operon the phenazine mutants in other animal models involving mexA, mexB, OprM (Poole et al., 1993) . The products lung infections, particularly a cystic fibrosis model. of these genes are localized to the cytoplasmic (MexA, Although much of the antimicrobial action of phenMexB) and outer membranes (OprM), where they are azines as well as their ability to alter eukaryotic cell proposed to function as a nonATPase broad specificity function has been attributed to their ability to generate efflux pump (Li et al., 1995). Originally identified due to oxidative stress, this hypothesis has not been tested in its contribution to the process of multidrug resistance vivo. We tested the oxidative stress model directly by in P. aeruginosa, this pump is thought to play a general testing C. elegans mutants with altered ability to respond role in the export of secondary metabolites, although to oxidative stress. age-1(hx546) mutant worms have its natural substrates remain unknown (Poole, 1994) . an increased tolerance for oxidative stress and exhibit
The defect of mexA mutant in fast killing is most likely increased levels in the activities of two oxygen radical due to the lack of export of one or more toxins involved detoxifying enzymes, catalase and superoxide dismuin this process. Since the mexA mutant was pigmented, tase (Larsen, 1993; Vanfleteren, 1993). The age-1 gene, which encodes a homolog of the catalytic subunit of phenazines are not likely to be a substrate for the pump.
Further investigation is required to identify the exact other bacterial mutants that generated wild-type levels of phenazines. This experiment clearly demonstrates factors involved. In addition to its defect in fast killing, the mexA mutant was marginally reduced in pathogenichow the ability to genetically manipulate both the host and the pathogen allows the dissection of specific interity in mice and severely debilitated in Arabidopsis. Although the lack of export of specific virulence factors actions between bacterial virulence products and corresponding host responses. could explain these defects, an additional model is that the mexA mutant is unable to protect itself against host Although this paper explores host defense responses by testing existing C. elegans mutants, the fast killing defense factors generated in response to the bacterial infection.
model can be expanded for the systematic study of host defenses. To uncover specific interactions between A second mutant identified in the screen with wildtype levels of pigment, 36A4, contained a transposon bacterial and host factors, screens can be conducted to identify C. elegans mutants that are sensitive to indiinsertion into a gene with homology to E. coli MdoH, which is part of the mdoGH operon. In E. coli, the prod- Pgps was further examined using a genetic approach,
Screens for Bacterial Mutants Defective in Fast Killing
combining the pgp mutant strain NL130 with the differ-PA14 mutant libraries were generated using the transposon TnphoA ent bacterial mutants defective in the fast killing assay. (Manoil and Beckwith, 1985) as previously described (Rahme et al., These experiments showed that pgp mutants were sen-1997). Individual TnphoA transposant strains were spread on PG ϩ sitive to phenazines, since the sensitivity of these worms 0.15 M sorbitol plates, and five worms were tested per strain in the to the fast killing process was alleviated by bacterial fast killing assay. A total of 3300 PA14 TnphoA transposants were screened using this assay. Mutant strains on which there were three mutants defective for phenazine production but not by
